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The possibility that there is some Cosmic Polarization Rotation (CPR), i.e. that the polarization 
angle rotates while a photon travels in vacuum over large distances, is important for at least two 
reasons: first, the polarization angle seems to be the most steady characteristic of photons and, 
second, CPR would be associated with violations of fundamental physical principles, like the Ein¬ 
stein Equivalence Principle on which all metric theories of gravity are based, including General 
Relativity, for which we celebrate the Centennial this year 2015. We review here the astrophysical 
tests which have been carried out to check if CPR exists. These are using the radio and ultraviolet 
polarization of radio galaxies and the polarization of the cosmic microwave background (both 
E-mode and B-mode). These tests so far have been negative, leading to upper limits of a couple 
of degrees on any CPR angle, thereby increasing our confidence in those physical principles and 
in the resulting theories, including General Relativity. We discuss future prospects in detecting 
CPR or improving the constraints on it. 
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1. The context 


In this year 2015 we celebrate two important events, relevant for this paper: the International 
Year of Light, promoted by UNESCO together with many scientific and engineering societies and 


the Centennial of the theory of General Relativity (GR), developed by Einstein in 1915 [14]. The 
photons, i.e. the quanta of light, are very important for us astronomers, since they are the carrier 
of almost all the information that we have about the Universe, outside the Solar System (the only 
exceptions are a few cosmic rays and several elusive neutrinos). The information carried by photons 
is parametrized by 1) their direction, as coded by celestial coordinates, 2) their energy, equivalent 
to the wavelength or frequency of the associated electromagnetic radiation, and 3) the position 
angle (PA) of their polarization. Is this information changed while photons travel in vacuum? 
The answer is definitely "yes" for the first two parameters, since the direction is changed by a 
strong gravitational field and fhe energy is changed by fhe expansion of fhe Universe. The Cosmic 
Polarizafion Rofafion (CPR) deals wifh evenfual changes of fhe polarization PA. 

CPR is inferesfing also because, if if exisfs, it should be either positive, for a counter clockwise 


rotation (we follow the lAU convention for the polarization angle [18]), or negative for a clockwise 
rotation. This immediately suggests that a non-zero CPR would be connected with the violation 
of fundamental physical principles, having to do with symmetry. Indeed CPR is connected with 
Eorentz invariance violation, CPT violation, neutrino number asymmetry, and violation of the Ein¬ 


stein Equivalence Principle (EEP), on which GR is based [135|]. In fact a null CPR greatly increases 
our confidence in GR. In this GR centennial year let us examine in some detail why CPR is con¬ 
nected with a test of the EEP. 

Since the Weak Equivalence Principle (WEP) is tested to a much higher accuracy than the 
EEP, Schiff conjectured that any consistent Eorentz-invariant theory of gravity which obeys 
the WEP would necessarily also obey the EEP. If this were true, the EEP would tested to the same 
accuracy as the WEP, increasing our experimental confidence in GR. However Ni [33, Q] found a 


unique counfer example fo Schiff’s conjecfure: a pseudoscalar field which would lead fo a violation 
of fhe EEP, while obeying fhe WEP. Such field would produce a CPR. Therefore fesfing for fhe CPR 
is imporfanf for our confidence in GR. 

In fhe following I shall review fhe asfrophysical fesfs of CPR, from fhe early ones involving 
radio galaxies (RG) fo fhe more recenf ones using fhe cosmic microwave background (CMB), show 
how fhey are all consistenf wifh a null CPR, and discuss fhe prospecfs for improving fhe currenf 
results. A similar but more extensive review is available elsewhere [0]. 


2. Early CPR tests using radio galaxies 

Testing for CPR is simple in principle: it requires a distant source of linearly polarized radia¬ 
tion, for which the orientation PAem of the polarization at the emission can be established. Then a 
CPR angle can be obtained by comparing the observed orientation PAobs with PAem- 


(X — PAobs PA 


em- 


* see http://www.light2015.org/Home.html 
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In practice it is not easy to know a priori the orientation of the polarization for a distant source: in 
this respect the fact that scattered radiation is polarized perpendicularly to the plane containing the 
incident and scattered rays has been of great help, applied both to RG and to the CMB (see the next 
section). For those cases in which CPR depends on wavelength, one can also test CPR by simply 
searching for a variation of PAobs with the wavelength of the radiation, even without knowing PAgm. 

The first test for CPR has been performed by looking at the difference between the PA of 
the radio polarization, corrected for Faraday rotation, and the PA of the radio axis of RG with 
0.4 < z <2 and linear polarization P > 5% [^. A peak in the distribution of the difference was 
found at 90° and a smaller one at 0°. From the width of the distributions it was concluded that any 
rotation of the polarization should be smaller than 6.0 ° at the 95% confidence level. 

Re-examining the same data on the radio polarization of RG |^, a systematic rotation of the 
plane of polarization as large as 3 rad., independent of the Faraday one, and correlated with the 
angular position and with the distance of the RG, was claimed [^]. However several authors 
have independently and convincingly argued against this claim. In particular it was 
shown that the misalignment for a sample of 29 quasars is consistent with zero and incompatible 


with the claimed rotation [41]. 


However the test performed using the radio polarization of RG has some disadvantages: it 
requires a correction for the Faraday rotation, it is not based on a strict physical prediction of the 
polarization orientation at the emission, and holds only statistically on a large sample of sources. 
Therefore the test performed using the ultraviolet (UV) polarization of radio galaxies was a big 
improvement [^. In fact the perpendicularity between the UV axis of every distant RG with z > 
0.5 and with a polarization measurement, up to z = 2.63, and the direction of their plane of UV 
polarization showed that this plane is not rotated by more than 10 °. This perpendicularity is strictly 
expected for simple physical reasons, since the elongation and the polarization are due to scattering 
of anisotropic nuclear radiation: therefore it holds for every single RG, not just statistically on a 
large sample. Furthermore, Faraday rotation is completely negligible in the UV, so no correction 
is necessary. The method using the UV polarization of RG can be applied also to the polarization 
which is measured locally at any position in the elongated structures around the galaxy, and which 
has to be perpendicular to the vector joining the observed position with the nucleus. From the 
polarization map in the V-band (~ 3000A rest-frame) of 3C 265, a radio galaxy at z = 0.811 [p0|], 
the mean deviation of the 53 independent polarization vectors from the perpendicular to a line 
joining each to the nucleus is —1.4° zh 1. 

Recently we have perfomed an update of the CPR test using the UV polarization of RG [jn]]. 
Using the polarization data for all 8 RG with z > 2, P > 5% in the UV (A ~ 1300), and elongated 
UV morphology, we could show that, assuming uniform CPR, the average CPR angle at the mean 
redshift (z) = 2.80 must be: 

a = -0.8° ±2.2° 

which is well consistent with a null CPR. Our data compilation [ |TT| ] has been used to set limits on 
a rotation of the plane of polarization, which depends on the direction in the sky with a spherical- 
harmonic variation and a stochastic variation [19j. In the latter case the constraint is (a^) < 
(3.7°)^. The CPR test using the UV polarization has advantages over the other tests at radio or 
CMB wavelengths, if CPR effects grow with photon energy (the contrary of Faraday rotation), as 
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in a formalism where Lorentz invariance is violated but CPT is conserved [E4, 25]. 


In the mean time an important improvement has been suggested also for the CPR test using the 
radio polarization: since the radio emission is due to synchrotron, its Faraday-corrected polarization 
should be perpendicular to the projected magnetic field, which in turn is perpendicular to strong 
gradients in the radio intensity direction, as can be checked on high angular resolution radio data. 
For example, an average constraint on any CPR angle of a = —0.6° ± 1.5° at the mean redshift 
(z) = 0.78 has been obtained [^, using the data on the radio polarization of 10 RG [^]. 


3. CPR tests using the Cosmic Microwave Background 

A more recent method to test for the existence of CPR is the one that uses the CMB polar¬ 
ization, which was induced by the last Thomson scattering of decoupling photons at z ~ 1100, 
resulting in a correlation between temperature gradients and polarization [^8|]. CMB photons are 
strongly linearly polarized, since they result from scattering. However the high uniformity of CMB 
produces a very effective averaging of the polarization in any direction. It is only at the CMB 
temperature disuniformities that the polarization does not average out completely and residual po¬ 
larization perpendicular to the temperature gradients is observed, as expected. Therefore also for 
the CMB polarization it is possible to precisely predict the polarization direction at the emission 


and to test for CPR. After the first detection of CMB polarization anisotropies by DASI |26], there 
have been several CPR tests using the CMB E-mode polarization pattern. 

Table 1 summarizes the most recent and accurate CPR measurements obtained using the CMB 
polarization. A more detailed version of this table is available elsewhere [p^. The table also 
shows the systematic error deriving from a poor calibration of the polarization PA, which affects 
the CMB measurements because of the lack of suitable calibration sources at CMB frequencies and 
of the difficulties connected with an a priori knowledge of the detector’s orientation and with using 
ground-based calibration sources. The current PA calibration accuracy is of the order of one degree, 
producing a non-negligible systematic error jS on the measured PA. In order to alleviate the PA 


calibration problem, a self-calibration technique has been suggested []23p, consisting in minimizing 
EB and TB power spectra with respect to the PA offset. Unfortunately such a calibration technique 
would eliminate not just the PA calibration offset j3, but a — p, where a is the uniform CPR angle, 
if it exists. Therefore no independent information on the uniform CPR angle can be obtained, if 
this calibration technique is adopted, like with the BICEP2 [Q] and POEARBEAR 0 experiments. 

Another problem of CPR searches using the CMB is that unfortunately the scientists working 
on the CMB polarization have adopted for the polarization angle a convention which is opposite to 
the one used for decades by all other astronomers and enforced by the lAU : for the CMB po- 
larimetrists, following a software for the data pixelization on a sphere |[T^], the polarization angle 
increases clockwise, instead of counterclockwise, facing the source. This produces an inversion of 
the U Stokes parameter, corresponding to a change of PA sign. Obviously, these different conven¬ 
tions have to be taken into account, when comparing data obtained with the different methods used 
for CPR searches. As an example of the problems raised, a review of CPR measurements was first 
published in a version which mixed results in the two opposite conventions, without taking them 


into account [21 ]. Their figure 1 wrongly showed fhaf mosf CPR measuremenfs are on fhe negafive 
side. The review was later corrected and fhe correcf version of figure 1 acfually shows a more even 
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Method 

CPR angle ± stat. (± syst.) 

Erequency or A 

Distance 

RG radio pol. 

a < 6° 

5 GHz 

0.4<z< 1.5 

RG UV pol. 

|a| < 10° 

~ 3000 A rest-frame 

0.5 <z <2.63 

RG UV pol. 

a = -1.4°±1.1° 

~ 3000 A rest-frame 

z = 0.811 

RG radio pol. 

a = -0.6° ±1.5° 

3.6 cm 

(z) = 0.78 

CMB pol. BOOMERanG 

a =4.3°±4.1° 

145 GHz 

1100 

CMB pol. QUAD 

a = -0.64° ±0.50° ±0.50° 

100-150 GHz 

z ~ 1100 

RG UV pol. 

a = -0.8° ±2.2° 

~ 1300 A rest-frame 

(z)=2.80 

RG UV pol. 

{5a^) < (3.7°)2 

~ 1300 A rest-frame 

(z)=2.80 

CMB pol. WMAP9 

a = 0.36° ±1.24° ±1.5° 

23-94 GHz 

o 

o 

CMB pol. BICEP 1 

a = 2.77° ±0.86° ±1.3° 

100-150 GHz 

z ~ 1100 

CMB pol. ACTPol 

a = 1.0° ±0.63° * 

146 GHz 

z~ 1100 

CMB pol. B-mode 

(5a2) < (i.36°)2 

95-150 GHz 

z ~ 1100 


*A systematic error should be added, equal to the unknown difference of the Crab Nebula 
polarization PA between 146 and 89.2 GHz. 


Table 1: Measurements of CPR with different methods (in chronological order). 


disttibution of CPR measurements. Although the conclusion of the paper are not affected, since 
all CPR measurements are in any case consistent with zero, this mishap shows that the problem of 
using different conventions can be a serious one. As mentioned in the first section, all PA in this 
work are given in the lAU convention: looking at the source, PA increases counterclockwise. 

J, the CMB polar- 


In summary, although some have claimed to have detected a rotation 


ization data appeal' well consistent with a null CPR. In principle the CMB polarization pattern can 
be used to test CPR in specific directions. However, because of the extremely small anisotropies in 
the CMB temperature and polarization, CMB tests so far have used averages over large regions of 
sky, assuming uniformity. 

Recently constraints on the CPR have also been set using measurements of the B-mode polar¬ 
ization of the CMB, because of the coupling from E-mode to B-mode polarization that any such 


rotation would produce 112]. This possibility is presently limited by the relatively large systematic 
errors on the polarization angle still affecting current data. The result is that from the South Pole 
Telescope polarimeter (SPTpol), POLARBEAR and BICEP2 B-mode polarization data it is only 
possible to set constraints on the fluctuations (5a^) < (1.56°)^ of the CPR, not on its mean value. 
Similarly an upper limit on the CPR fluctuations ) < (1.68°)^ has been obtained [Q from 
the ACTPol B-mode data [^]. The last raw of Table 1 reports the combined constraint on the CPR 
fluctuations obtained from all the B-mode data mentioned above. 


4. Summary and outlook 

In the past 25 years CPR has been looked for with different methods, but none was found. 
Therefore the polarization PA appears to be the most steady property of photons, that are indeed 
able to trasmit this important geometrical information across the Universe. In practice all CPR test 
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methods have reached so far an accuracy of the order of 1° and 3 a upper limits to any rotation of 
a few degrees. It has been useful to use different methods, since they are complementary in many 
ways. They cover different wavelength ranges, and, although most CPR effects are wavelength in¬ 
dependent, the methods at shorter wavelength have an advantage, if CPR effects grow with photon 
energy. They also reach different distances, and the CMB method clearly uses the longest traveling 
photons. However, the relative difference in light travel time between z = 3 and z= 1100 is only 
16%. All methods can potentially test for a rotation which is not uniform in all directions; never¬ 
theless this possibility has not yet been exploited by the CMB method, which also is not able to see 
how an eventual rotation would depend on the distance. The dependence of CPR on the wavelength 
and on the distance of the source has been recently examined [16], and none was found, which is 
not surprising for a null CPR, at least so far. 

In the future improvements can be expected for all methods, e.g. by better targeted high 
resolution radio polarization measurements of radio galaxies and quasars, by more accurate UV 
polarization measurements of radio galaxies with the coming generation of giant optical telescopes 
[|I^ and by future CMB polarimeters such as PLANCK [|i]] and BICEP3 [Qj. Indeed the 

Planck satellite is expected to have a very low statistical error (~ 0.06°) for CPR measurements, 
about a factor of 10 better than previous experiments [^]. Unfortunately, although Planck has 
completed its observations about two years ago, its results on CPR have not yet been released. 
In any case, in order to exploit the much improved measurement accuracy of Planck, it will be 
necessary to reduce accordingly also the systematic error in the calibration of the polarization 
angle, which at the moment is of the order of 1° at CMB frequencies. The best prospects to 
achieve this improvement are likely to be more precise measurements of the polarization angle of 
celestial sources at CMB frequencies, e.g. with the Australia Telescope Compact Array [ |^ and 
with ALMA [p9|], and a calibration source on a satellite [p2l]. 
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Discussion 

Jim Beall: There is a fair amount of evidences for large scale B-field structures in radio jets. 
Would these have any effect on your measurements? I wonder about possible optical emission 
from synchrotron processes. 

Sperello di Serego Alighieri: Indeed there are a few cases of optical synchrotron emission from 
radio jets (e.g. M87 and 3C66B). In these cases the polarization direction is very similar in the 
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optical and in the radio. However, the UV radiation of the powerful radio galaxies, which I am 
refering to, is completely independent of the radio emission and is thought to be scattered radiation 
from a quasar which is at the centre of the radio galaxy and emits anisotropically in two opposite 
cones, not in our direction. 

Frederic Marin: In the UV polarization measurements of distant quasars, why don’t you find both 
parallel and perpendicular polarization angle, if you have both face-on and edge-on objects? Is it 
due to a contribution from the jets? 

Sperello di Serego Alighieri: The UV polarization measurements, which I have discussed, refer 
to the powerful radio galaxies, not to quasars. In such case the linear polarization PA is expected to 
be perpendicular to the UV axis. 
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